INTRODUCTION
Physical exercise requires interaction of physiological control mechanism to enable the cardiovascular and ventilatory systems to couple their behaviors to support their common function, i.e. meeting the increased respiratory demands (oxygen consumption) and carbon dioxide (CO2) production of the contracting muscles. Therefore, by studying external respiration and cardiovascular response during exercise, it is possible to address functional competence of the body coupling external to cellular respiration. Cardiopulmonary exercise testing (CPET) is a novel method that off ers a unique opportunity to study the cellular, cardiovascular and ventilatory system responses simultaneously under precise conditions of metabolic stress (1) .
Cardiopulmonary exercise testing in pediatric cardiology diff ers in many aspects from the tests performed in adult cardiology. Children's cardiovascular responses during exercise testing present diff erent characteristics, particularly oxygen uptake, lower arterial partial pressure of carbon dioxide (PaCO2) set-point during exercise, resulting in greater ventilatory effi ciency (the relationship of the liters of ventilation required to eliminate a liter of CO2) VE/VCO2 in younger population, heart rate and blood pressure response, which are essential in interpreting respiratory and hemody-namic data (1) (2) (3) (4) (5) (6) (7) (8) . Diseases that are associated with myocardial ischemia are rare in children (8) . The main indications for CPET in children are already established (8, 9) . Cardiopulmonary exercise testing has a unique role in cardiopulmonary capacity in young athletes with physiological changes of the heart and diff erentiation from pathological changes and risk of sudden death (10) has an important role in recognition of exercise induced arterial hypertension and exercise induced asthma (11) . CPET in children with congenital heart disease (CHD) has several indications. The fi rst is to assess physical capacity or aerobic capacity of a child with CHD. This can be used to provide recommendations for physical activity in sports, occupation, or rehabilitation. The second indication for exercise testing in CHD is to provide indications for surgery or medications, or additional more invasive/demanding tests. Moreover, the stress of the CPET can be used to evaluate the success of interventions such as pacemaker implantation, closure of shunt (normalizing in exercise SaO2%), or ablation of arrhythmogenic substrates. In addition, CPET can be used to diagnose inherited arrhythmia syndromes (e.g., LQTS and CPVT) or chronotropic incompetence. The third indication for CPET is to evaluate the adequacy of medication, for instance, β-blockers, angiotensin-converting enzyme inhibitors and digoxin in heart failure. The fourth indication is to assess the risk of future disease complications, for instance, complex premature ventricular contractions (PVCs) during exercise in hypertrophic cardiomyopathy, arrhythmias and risk of sudden death late after tetralogy of Fallot repair (12) , to assess ability to increase oxygen delivery and CO2 elimination in patients with half of the heart, where there is no ventricle that is pumping blood in the lung and all pulmonary infl ow depends on total cavopulmonary connection and pulmonary resistance (13) . An additional indication for CPET is to inspire confi dence in children and parents, to teach children and parents about preventive eff ects of sports in life in healthy children or in a population of children with CHD, where parents are often overprotecting their children, even though the underlying disorder is only mild and might not be restrictive for performing physical activities including competitive sports (9, (13) (14) (15) (16) (17) The parameters that are measured during CPET include simple measures such as peak work rate (WRpeak) and heart rate (HR) response to exercise, peak oxygen uptake (VO2peak), and more recently proposed measures as the ventilation to carbon dioxide exhalation (VE/VCO2) slope. Additional ventilatory control parameters during exercise in children are minute ventilation (VE), assessment of anaerobic threshold (AT), respiratory compensation point (RCP), oxygen uptake (VO2), carbon dioxide output (VCO2), ventilatory equivalents for carbon dioxide and oxygen (VE/VCO2, VE/VCO2), oxygen pulse (VO2/HR), physiological dead space-tidal volume ratio (VD/VT), end-tidal pCO2 (PETCO2), end-tidal pO2 (PETO2), gas exchange ratio (R), the increase in oxygen uptake in response to a simultaneous increase in work rate (ΔVO2/ΔWR), breathing reserve (BR), and heart rate reserve (HRR) (1) . Normal values for CPET are already published and represent a set of normal values for specifi c population coming from specifi c region with diff erent anthropometric and cultural characteristics (2) (3) (4) (5) (6) . On the other hand, each laboratory should have its own reference set of values. Moreover, published reference values might not be representative for today's children (2) (3) (4) (5) (6) . To obtain reference data for exercise testing in healthy children and adolescents in Croatia, we investigated CPET results of 164 Croatian school children coming from the northwest part of Croatia, with an age range of 11-17 years. This is the fi rst report on CPET in healthy children in Croatia and a rare report providing mean values of all CPET parameters in children in one place.
Since children have relatively undeveloped knee extensors, treadmill testing is preferred over cycle ergometry in young children (8) . An often used protocol is the Bruce treadmill protocol, which was originally designed for adults (18) , but is now also applied worldwide in children from the age of 4 years (19, 20) .
METHODS
The study population consisted of 164 healthy children and adolescents coming from northwest Croatia, mainly from the capital of Zagreb and its surroundings. They were recruited from a pediatric cardiac outpatient clinic, where they presented for heart murmur or rare supraventricular or ventricular monotopic, uniform exstrasystoles and normal 24-hour electrocardiogram (ECG) in the period between July 2013 and July 2014. All children were examined in the pediatric cardiology outpatient clinic, only those with normal ECG and normal echocardiography were included. We excluded all children with a history of acute illness within 2 weeks, or a history of chronic disease. Before CPET, all children performed spirometry testing according to guidelines (21) and only those with normal fi ndings were included. Body height and weight were measured before testing. We excluded all those with body mass index (BMI) of more than 95 percent or less than 5 percent. All parents signed an informed consent after explanation of the type of investigation and purpose of the study. Sports activities were performed only at a recreational level. All children came to the hospital by car, or they came by bike or walking if their place of residence was within 10-min walk distance from the hospital. Exercise testing was performed in upright position with a treadmill with breath-by-breath respiratory gas analysis (Cortex, Metalyzer 38, Germany). Subjects breathed through a low impedance turbine volume transducer for measurement of expiratory volume. CPET was performed with the standard symptom-limited Bruce protocol with incremental increase of speed and inclination every 3 minutes (22) . The cuff blood pressure was also measured every three minutes until peak exercise and then at 3-min rest. All participants were verbally encouraged to exercise to exhaustion, as assessed using a cut-off greater than 1.01 for the respiratory exchange ratio (RER) at peak exercise. All equipment was calibrated according to the instructions of the manufacturer before testing. HR was measured by continuous 12-lead ECG. Peak VO2 was defi ned as the mean of the two highest consecutive values of 15-s averages of VO2. The VE/VCO2 slope was obtained by linear regression analysis of the data acquired throughout the exercise. Resting HR was measured after at least 3 min in sitting position before exercise testing, and peak HRpeak was defi ned as the highest HR achieved during exercise. HR reserve was calculated as the diff erence between HRpeak and resting HR. HR was also recorded at 1 and 2 min after cessation of the exercise, and HR recovery was calculated as the diff erence between HRpeak and the HR at these recovery points. WRpeak was measured in absolute values. The AT indicates the highest oxygen uptake that can be sustained during exercise without developing lactic acidosis. As CO2 is released increased by the bicarbonate buff ering of the lactic acid, VE and VCO2 increase out of proportion to the increase in VO2, thereby allowing noninvasive determination of anaerobic threshold (AT). In each subject, the AT was measured by fi nding the VO2 above which VE/VO2 and PET O2 increased without an increase in VE/VCO2 or a decrease in PET CO2, as previously described. VO2 versus WR (ΔVO2/ΔWR) was measured as the slope obtained by linear regression analysis of VO2 (mL/ min) versus WR (W). The quotient of the VO2 and HR is oxygen pulse (O2 pulse); its value depends on the stroke volume and the diff erence between the arterial and mixed venous blood oxygen content. According to Fick principle, O2 pulse correlates with stroke volume. According to Cooper et al. (23, 24) , we used end-tidal CO2 (PETCO2) to estimate PaCO2. Statistical analysis was performed with SPSS 11.5 (SPSS, Inc., Chicago, Illinois, USA). Values are presented as mean and standard deviation unless stated otherwise. Mann-Whitney test was used for continuous variables without normal distribution. A p value less than 0.001 was considered statistically signifi cant.
RESULTS
Subject characteristics are shown in Table 1 . No signifi cant diff erences were found in anthropometric data between boys and girls. Just two patients were excluded because they were obese or underweight.
All participants performed CPET without complication and were able to complete the protocol to volitional exhaustion with no other symptoms. No ECG abnormalities were noted during exercise testing. Table 2 shows baseline and CPET data. Compared with boys, girls reached AT at a signifi cantly lower workload. The same fi nding was recorded with peak workload. Compared with boys, girls had a signifi cantly higher resting heart rate before exercise testing. Compared with boys, girls reached a signifi cantly higher peak heart rate. Heart rate reserve between girls and boys showed no signifi cant diff erence.
Boys reached a signifi cantly higher peak VO2 during incremental testing. Linear increase of systolic pressure showed no signifi cant diff erence between girls and boys.
During incremental work, together with linear increase in heart rate and systolic pressure, oxygen pulse showed linear increase with signifi cant diff erence between girls and boys. Linear relationship between heart rate and increase in stroke volume is best illustrated in graphic presentation (Figure 1 ).
Breathing frequency showed no signifi cant sex diff erence between at rest, at anaerobic threshold point or peak exercise.
Increase in tidal volume during incremental work showed no signifi cant diff erence between girls and boys. Boys reached signifi cantly higher peak minute ventilation compared with girls. In both girls and boys, linear increase in work was followed by linear increase in minute ventilation during exercise till AT, followed by a more pronounced increase of minute ventilation in relation to increase of VO2 after AT till peak exercise (Figure 2 ).
DISCUSSION
In most individuals, peak VO2 is limited by the amount of O2 that the cardiopulmonary system can deliver to the exercising muscles, hence the peak VO2 detected during progressive exercise test is an excellent indicator of the capabilities of the patient's cardiovascular system. Peak VO2 varies with age; it tends to increase and reach maximum during adolescence, and to decline progressively thereafter. It also diff ers signifi cantly between males and females and depends on body mass. Cooper et al. report on peak VO2 for 109 children that were not obese and were aged 6-17 years; peak VO2 W AT -work rate achieved at anaerobic threshold (AT); Wpeak -maximal work rate achieved (W); HR rest -resting heart rate in beats per minute measured after at least 3 min in sitting position before exercise testing; HRpeak -maximal heart rate at peak exercise (beats/min); HR reserve, maximal heart rateresting heart rate (beats/min); HR01 percentage, percentage heart rate recovery at 1 min (HRmax-HRpresent)/(HRmax-HRrest)*100%; HR02 percentage, percentage heart rate recovery at 2 min (HRmax-HRpresent)/(HRmax-HRrest)*100%; RERpeak -maximal respiratory exchange ratio; VO2AT -oxygen uptake at anaerobic threshold (mL/kg per min); VO2 percentage AT, (VO2 at anaerobic threshold/VO2max)*100%; VO2peak -maximal oxygen uptake (mL/kg/min); VO2/HR oxygen pulse at rest -anaerobic threshold and peak exercise expressed in mL; sysRR at rest -peak and 4 minute recovery, BF -breathing frequency at rest, anaerobic threshold and peak exercise in breaths per minute, VT -tidal volume in L at rest, anaerobic threshold and peak exercise, VE -minute ventilation in L per minute at rest, anaerobic threshold and peak exercise, VE/VO2 slope of respiratory minute volume to VO2 uptake at AT and peak exercise; VE/ VCO2, slope of respiratory minute volume to CO2 production; VD/VT -dead space ventilation at anaerobic threshold and peak exercise, PETCO2 -end-tidal CO2 at anaerobic threshold and peak exercise; *p<0.001 for diff erence between boys and girls correlated similarly with either weight or height and gave predicted equations for boys and girls, which are quite similar to the values we found (3, 6, 7) . At the time when reduction in physical activity along with obesity in children has become apparent worldwide, these fi ndings together with the fact that just two children had to be excluded because of overweight (>95 percent BMI) with mean BMI 20.5±3.6 kg/m 2 are still encouraging.
During a progressive exercise test, the anaerobic threshold occurs when aerobic metabolism is insuffi cient to meet energy requirements. It is not aff ected by patient eff ort or motivation and may be determined on a submaximal exercise test. Prediction equations exist for the calculation of normal values for AT on the basis of age, size and gender. AT is also commonly expressed as percentage of the predicted peak VO2. In the absence of cardiovascular disease, it is rarely below 40% of the predicted value (1, 3, 6) . Values that are below 40% can be found in patients with conditions that signifi cantly impair the ability to increase cardiac output or oxygen delivery during exercise (9, 15) . With 35.08 mL/kg/ min as the mean value and 74.4% of the predicted value, our fi ndings of VO2 at AT are in correlation with the fi ndings in healthy schoolchildren reported elsewhere (2, 4, 6) . If a patient does not expend maximal or near maximal eff ort on exercise test, the peak exercise data may not accurately refl ect the true status of the cardiopulmonary system (9, 15) . Measurement of the respiratory exchange ratio (RER), which is the ratio of VCO2 over VO2 during exercise, often helps provide this information. In our group of patients, the mean RER during exercise was 1.14±0.1 and speaks for valuable data. During a progressive exercise test, HR linearly increases in proportion with VO2. The equations as predicted peak HR calculated as 220-age (years) should be used with caution (1, 6, 15, 24) . The maximum or peak HR achieved declined with age in all studies. No consistent diff erences have been found between boys and girls. Scandinavian children were found to have an average peak HR of 205 bpm, whereas North American children aged 8-18 had an average peak HR of 187 bpm (6). We found the mean peak HR of 183.36±16.4 bpm, with a statistically signifi cantly higher peak HR in girls. We also found a statistically signifi cantly higher resting heart rate in girls. This fi nding, together with the fi nding that the heart rate reserve showed no statistically signifi cant diff erence, probably suggests that girls exercised at a higher frequency due to increased emotional or stress reaction. The concept of HRR can be useful for estimating relative stress of the cardiovascular system during exercise. The mean predicted peak HR may not be reached because of normal population variability, poor motivation, poor cooperation, especially in younger children, parental overprotection, medications such as β-blockers, or because of heart, peripheral vascular, lung, endocrine or musculoskeletal diseases. Patients with sinus node dysfunction cannot increase their heart rate to normal levels at peak exercise.
In contrast, patients that cannot increase forward stroke volume tend to compensate if for by increasing their heart rate more rapidly during exercise. Chronotropic incompetence (inability to increase HR or prolonged heart rate recovery) is common after surgery for CHD and has been associated with poor prognosis (9, 15) . In our study, we found 31% HR recovery after 1 minute. This corresponds to previous studies in children (6) . HR recovery is believed to be mainly infl uenced by vagal autonomic activity, BMI, and fi tness. Normal values may be calculated by dividing the predicted peak VO2 by the predicted HR and have already been given for children (4, 6, 8) . In correlation with these fi ndings, we found a linear increase in VO2/HR during incremental work, with statistically signifi cantly higher values in boys. In adults, a maximal exercise systolic pressure above 220 mm Hg has been considered an excessive rise, in children maximal blood pressure rarely exceeds 200 mm Hg in normal subjects (8, 15) . We found an increase of the mean systolic pres-FIGURE 1. Linear relationship between heart rate (HR) and stroke volume (VO2/HR) increase at AT (anaerobic threshold) and peak VO2 (peak oxygen consumption).
FIGURE 2.
Relationship between minute ventilation (VE) and oxygen uptake (VO2) during incremental work at AT (anaerobic threshold) and peak VO2 (peak oxygen consumption).
sure from 109.86±14.2 to peak 145.43±11.9 mm Hg, with no sex diff erences, and systolic blood pressure recovery to resting values at recovery minute 4. It has been shown before that VE rises linearly in proportion with VCO2 during incremental work until a point above anaerobic threshold, when the accumulating lactic acidosis engenders compensatory increase in VE out of proportion to the increase in VCO2 (2, 3, 9, 27, 28) . As mentioned here, we found linear increase of minute ventilation during work to peak of 80.03±27.8 L/ min, as a result of linear increase of tidal volume and breathing frequency. As previous fi ndings report that boys reached signifi cantly higher peak VE compared with girls, this is consistent with our fi ndings (27) (28) (29) (30) . In correlation with our fi nding at rest, boys had signifi cantly higher lung volumes (29) . Both girls and boys showed gradual reduction of dead space ventilation during incremental work. Previous studies showed no sex diff erences in breathing frequency increase, VE /VCO2, and end-tidal PCO2 (3, 9, (27) (28) (29) (30) . The VE/VCO2 slope may represent gas exchange effi ciency during exercise or equivalent of the number of liters of air that must be breathed out to eliminate 1 liter of CO2. It is reported in healthy children to be around or less than 28, as we found in our population (6, (27) (28) (29) (30) . The VE/VCO2 slope has been shown to be one of the main predictors after CHD repair (14, 25) . Previous reports showed that adults took longer than children to recover from exercise. Also, PaCO2 seems to be controlled at lower levels in children compared to adults. These observations were corroborated indirectly by the measurements of end-tidal PCO2 (PETCO2) and showed that pre-exercise and peak-exercise values were signifi cantly lower in children as compared with PETCO2 in adults (23, 27, 28) . Results showed that younger children breathed more during exercise to eliminate a given amount of CO2 to keep PaCO2 set point slightly but signifi cantly lower than older children or adults. As we confi rmed in our study, PET CO2 is lower at peak exercise than at AT and in healthy children usually is below 35-40 (6, 27, 28) .
CONCLUSION
This paper gives a comprehensive overview of all cardiorespiratory parameters than can be obtained during CPET including cellular, cardiovascular and ventilatory system responses. Such reports are rare, especially in children, and are limited to either respiratory, cardiovascular, or a few parameters. The reduction in physical activity, together with obesity, smoking and other bad habits of social misbehavior that have become apparent worldwide, especially in teenagers, can be expected but were not demonstrated in the present study. Concerning cultural, anthropometric and all other ethnic diff erences, it is important to have own normal values for a group of population. This study has provided normal values of healthy children and adolescents in northwest Croatia. Although the results may vary between regions, this study gives a basis for further research and improvement of medical care in this sensitive population, while also providing a basis for CPET research in other populations such as young athletes, group of grown up CHD patients, respiratory diseases such as asthma, cystic fi brosis or other chronic diseases during and after treatment. Further researches are needed to obtain these results in Croatia.
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